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Morphogenesis of the vertebrate head relies on proper dorsal–ventral (D–V) patterning of neural crest
cells (NCC) within the pharyngeal arches. Endothelin-1 (Edn1)-induced signaling through the
endothelin-A receptor (Ednra) is crucial for cranial NCC patterning within the mandibular portion of
the ﬁrst pharyngeal arch, from which the lower jaw arises. Deletion of Edn1, Ednra or endothelin-
converting enzyme in mice causes perinatal lethality due to severe craniofacial birth defects. These
include homeotic transformation of mandibular arch-derived structures into more maxillary-like
structures, indicating a loss of NCC identity. All cranial NCCs express Ednra whereas Edn1 expression
is limited to the overlying ectoderm, core paraxial mesoderm and pharyngeal pouch endoderm of the
mandibular arch as well as more caudal arches. To deﬁne the developmental signiﬁcance of Edn1 from
each of these layers, we used Cre/loxP technology to inactivate Edn1 in a tissue-speciﬁc manner. We
show that deletion of Edn1 in either the mesoderm or endoderm alone does not result in cellular or
molecular changes in craniofacial development. However, ectodermal deletion of Edn1 results in
craniofacial defects with concomitant changes in the expression of early mandibular arch patterning
genes. Importantly, our results also both deﬁne for the ﬁrst time in mice an intermediate mandibular
arch domain similar to the one deﬁned in zebraﬁsh and show that this region is most sensitive to loss of
Edn1. Together, our results illustrate an integral role for ectoderm-derived Edn1 in early arch
morphogenesis, particularly in the intermediate domain.
& 2012 Elsevier Inc. All rights reserved.Introduction
Cranial neural crest cells (NCCs), a multipotent cell population
generated at the interface between the non-neural ectoderm and
neural tube, form most of the craniofacial structures, including
bone, cartilage, connective tissue and portions of the cranial
nerves (Bronner-Fraser, 1995; Le Douarin et al., 1993). During
development of the upper and lower jaws, NCCs migrate ventrally
around the embryo and populate the pharyngeal arches, initiating
a mesenchymal differentiation program (Le Douarin, 1982;
Lumsden et al., 1991). Dorsal–ventral (D–V) patterning of this
preskeletal NCC-derived mesenchyme is dependent on signals
generally arising from the surrounding cell types within the
arches (Chai and Maxson, 2006; Clouthier et al., 2010). Many of
these signals act in both instructive and inhibitory manners that
enforce sub-domains within the pharyngeal arches necessary forll rights reserved.
.E. Clouthier).
cience, Colorado Statethe development of regionally restricted bone, cartilage and
connective tissue structures.
One of the key initiators of D–V patterning within ﬁrst
mandibular arch NCCs is endothelin-1 (Edn1) (Clouthier et al.,
2010), which is expressed by cells in the pharyngeal arch
environment, including the ventral arch ectoderm, core paraxial
mesoderm and pharyngeal arch endoderm (Clouthier et al., 1998;
Maemura et al., 1996; Yanagisawa et al., 1998a; Yanagisawa et al.,
1998b), while its cognate receptor, the endothelin-A receptor
(Ednra) is expressed by NCCs that populate the pharyngeal arches
(Clouthier et al., 1998; Yanagisawa et al., 1998a). Disruption of
Ednra signaling leads to loss of NCC patterning and thus an
expansion of dorsal (proximal in mouse) identity into the ventral
(distal in mouse) arch. This includes homeotic transformation of
lower jaw structures and middle ear structures into more
maxillary-like structures (Kimmel et al., 2003; Nair et al., 2007;
Ozeki et al., 2004; Ruest et al., 2004; Sato et al., 2008) and
inappropriate ventral expression of jag1b and hey1 (the latter
induced by Jagged–Notch signaling (Zuniga et al., 2010)).
Since Edn1 is expressed in multiple domains in the developing
arches, a fundamental question remains concerning the contribu-
tion of each domain to patterning. Studies in zebraﬁsh have
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2007), but the relevance of these ﬁndings to the mammalian
system has been confounded by the presence of two ednra genes
in the zebraﬁsh as well as by differences in the morphogenesis of
the lower jaw between ﬁsh and mammals. In particular, Edn1 is
most important for the intermediate domain in the ﬁsh, which
will form the joint between Meckel’s cartilage and the palatoqua-
drate, whereas this latter structure is not present in mammals.
Although an intermediate domain has not previously been noted
in mammals, pharmacological antagonism of Ednra signaling
resulted in disproportionate changes in gene expression within
the central mandibular arch (Clouthier et al., 2003). In this study,
we have taken advantage of Cre/loxP technology to disrupt Edn1
expression in the ﬁrst arch ectoderm, endoderm or mesoderm.
We ﬁnd that changes in facial patterning only occur when Edn1 is
inactivated in the ectoderm. In addition, this approach has
unexpectedly allowed us to deﬁne the intermediate domain of
the mandibular arch in mice and identify its structural signiﬁ-
cance. Our ﬁndings point to this domain as a crucial signaling
center in mammalian lower jaw development.Materials and methods
Mice
The generation, characterization and genotyping protocols for
Edn1ﬂox/ﬂox (Edn1ﬂ/ﬂ) (Kisanuki et al., 2010), Foxg1-Cre (Hebert and
McConnell, 2000), Myf5-Cre (Tallquist et al., 2000; Jackson Labora-
tories strain B6.129S4-Myf5tm3(cre)Sor/J), Foxa2mcm (Park et al., 2008)
and R26R (Soriano, 1999) mice have been previously described. The
Crect transgene is comprised of an ectodermal enhancer of Tfap2a
driving Cre expression in the ectoderm (Forni et al., 2011).
Generation of mutant embryos
To generate conditional knockout embryos, Edn1ﬂ/þ ;Cre mice
were bred with Edn1ﬂ/ﬂ mice to generate Edn1ﬂ/ﬂ;Foxg1-Cre,
Edn1ﬂ/ﬂ;Myf5-Cre, Edn1ﬂ/ﬂ;Foxa2mcm and Edn1ﬂ/ﬂ;Crect embryos.
Because the Foxa2-Cre construct is tamoxifen-inducible, embryo-
nic day (E) 6.5 pregnant female mice received tamoxifen. To
accomplish this, tamoxifen was ﬁrst dissolved in 100% ethanol at
10 mg/100 ml. Mineral oil was added to obtain a ﬁnal concentra-
tion of 10 mg/ml. After sonicating for 45 min, progesterone was
added at 5 mg/ml (which can limit fetal toxicity of tamoxifen
(Jackson Laboratories)) and then the tamoxifen/progesterone
mixture used immediately. Pregnant mice were weighed and
then injected intraperitoneally with 75 mg per gram body weight
of the tamoxifen/progesterone mixture.
Conﬁrmation of allele recombination
Cre-mediated recombination analysis of the Edn1ﬂox allele was
performed as described (Kisanuki et al., 2001) using DNA
extracted with the Puregene Tissue Core Kit A (Gentra) from
E9.0 wild type and mutant embryo pharyngeal arches. Brieﬂy,
extracted DNA was measured using a Nanodrop ND-1000 spectro-
photometer (Nanodrop) and 20 ng/ml of genomic DNA was added
to each PCR reaction. The reactions, performed with the same
settings previously described (Kisanuki et al., 2001), generate a
300 bp product for the recombined allele.
b-galactosidase staining
Whole-mount staining was performed as previously described
(Ruest et al., 2003). Brieﬂy, embryos were collected betweenembryonic day (E) 8.0 to E10.5, ﬁxed in 4% paraformaldehyde
(PFA) on ice for 1 h then processed for b-galactosidase staining
overnight at room temperature. After staining, embryos were
rinsed and photographed on an Olympus SZX12 stereomicroscope
ﬁtted with a DP11 digital camera. For more detailed analysis of
staining, these stained E9.0 embryos were embedded in Paraplast
Plus tissue embedding medium and sectioned at 12 mm. Sections
were collected on Plus-coated slides (Fisher) and counterstained
with nuclear fast red as previously described (Ruest et al., 2003).
Sections were analyzed and photographed using an Olympus
BX51 compound microscope ﬁtted with a DP71 digital camera.
Skeleton staining
Cartilage staining of E13.5 and E14.5 embryos with alcian blue
was performed as previously described (Clouthier et al., 1998).
Skeletal staining of E18.5 embryos with alizarin red (bone) and
alcian blue (cartilage) was performed as previously described (Ruest
et al., 2004). Stained embryos were analyzed and photographed
using the Olympus SZX12 stereomicroscope as described above.
Whole-mount in situ hybridization
Whole-mount single probe in situ hybridization (ISH) analysis
was performed as described previously (Clouthier et al., 1998)
using digoxigenin (DIG)-labeled antisense cRNA riboprobes
against Dlx2, Dlx3, Dlx5, Hand2 and Goosecoid. For dual probe
whole-mount in situ hybridization, ﬂuorescein-labeled antisense
cRNA riboprobes against Dlx3 and Dlx5 were used in combination
with DIG-labeled riboprobes against Bapx1/Nkx3.2. Processing and
hybridization was identical to that of the single probe protocol,
though maleic acid buffer plus Tween-20 (MABT) was used for
embryo washes. Embryos were blocked with MABTþ2% blocking
reagent (Roche)þ20% sheep serum, incubated overnight with
1:2000 anti-ﬂuorescein-AP antibody (Roche) in blocking solution,
washed with MABT and developed with magenta-phos (Biosynth)
in pH 8.5 NTMT. The ﬁrst AP enzyme was killed by incubating
developed embryos in 65 oC MABT for 1 h. After this step, embryos
were blocked again, incubated with 1:2000 anti-digoxigenin-AP
antibody (Roche) in blocking solution and developed with BCIP
(Roche) in pH 9.5 NTMT. Embryos were photographed using an
Olympus SZX12 microscope as described above.Results
Early expression domains of Foxg1-Cre, Myf5-Cre, Foxa2mcm and
Crect
To inactivate Edn1 in a tissue-speciﬁc manner, we used four Cre
transgenic mouse strains: Foxg1-Cre (endoderm/mesoderm/ecto-
derm) (Hebert and McConnell, 2000), Crect (ectoderm) (Forni et al.,
2011), Myf5-Cre (mesoderm)(Tallquist et al., 2000) and Foxa2mcm
(endoderm) (Park et al., 2008). To ﬁrst conﬁrm that Cre-mediated
loxP recombination occurred in a spatio-temporal manner sufﬁ-
cient to delete Edn1 prior to or during Edn1 function (which is
between E8.5 and E9.0 (Ruest and Clouthier, 2009)), Cre animals
were crossed into the R26R strain (Soriano, 1999). Embryos were
harvested between E8.0 (6 somites) and E10.5 (35 somites) and
stained for beta-galactosidase (b-gal) activity. In Foxg1-Cre
embryos, Cre sequence has been inserted into the Foxg1 locus
(Hebert and McConnell, 2000). In R26R;Foxg1-Cre embryos, b-gal
activity was observed by 6 somites (E8.0) in the endoderm/foregut
region and the ﬁrst arch (Fig. 1A). At 10 and 20 somites (E8.5 and
E9.0, respectively), foregut staining was still present, with staining
also present in the pharyngeal arches and frontonasal prominence
Fig. 1. Foxg1-Cre, Crect, Myf5-Cre, and Foxa2mcm activity. Cre animals were crossed into the R26R Cre reporter strain. Embryos were harvested between E8.0 (6 somites) and
E10.5 (35 somites) and stained for b-gal activity. (A–D) Cre activity in R26R;Foxg1-Cre embryos was found in endodermal (foregut (fg) and pharyngeal pouch endoderm
(ppe)) and ectodermal structures. (E) Transverse section through the embryo in C (20 somites) illustrates staining in the arch ectoderm (arrowheads) and endoderm (e),
with staining also observed in the paraxial core mesoderm. (F–I) b-gal activity in R26R;Crect embryos was found in the ectoderm of the arches (arrow) and in the
frontonasal prominence (fnp). (J) Transverse section of embryo in H showing arch ectodermal staining at 20 somites (arrowheads). (K–N) R26R;Myf5-Cre embryos showed
mesodermal staining that at 20 somites could be seen in the paraxial core mesoderm (pm). (O) A transverse section through the arches in M illustrated that the staining is
restricted to the core mesoderm. (inset). (P–S) b-gal activity in Foxa2mcm;R26R embryos starts at E8.0 following tamoxifen injection at E6.5, with endodermal structures
labeled (ppe, fg). (T) Sections through the ﬁrst pharyngeal pouch endoderm (e) at 20 somites shows speciﬁc b-gal activity (arrowheads). 1, mandibular pharyngeal arch; 2,
second pharyngeal arch; h, heart.
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illustrated that b-gal staining was conﬁned to the arch ectoderm
(arrowheads), pharyngeal pouch endoderm, and core paraxial
mesodermal cells (Fig. 1E). Staining at 25 somites (E9.5; Fig. 1D)
appeared similar to that observed at 20 somites. Based on this
staining, the Foxg1-Cre strain would likely result in an almost
complete inactivation of Edn1 within the arches, providing a good
control when examining the phenotypes resulting from the use of
our other more tissue-speciﬁc Cre strains.
We next analyzed b-gal staining in R26R;Crect embryos. This
strain expresses Cre under the regulation of a Tfap2a ectodermal-
speciﬁc enhancer (Forni et al., 2011). Cre activity was detected in
the ﬁrst pharyngeal arch ectoderm (arrow in Fig. 1F and G) and
frontonasal prominence by 10 somites (E8.5; Fig. 1F), with the
staining intensity increasing by 20 somites (E9.0; Fig. 1H). b-gal
staining was also present in the otic vesicle, trigeminal ganglion
and optic placode between 15 and 20 somites (Fig. 1G, H). b-gal
staining extended to the ectoderm of more caudal pharyngeal
arches by 20 somites (E9.0; Fig. 1H). Transverse sections of these
embryos showed that most arch ectodermal cells were b-gal-
positive (Fig. 1J). This pattern remained unchanged at 35 somites
(E10.5) (Fig. 1I).
In the Myf5-Cre strain, a Cre cDNA has been inserted into the
Myf5 locus so that Cre expression is under control of Myf5
regulatory sequences (Tallquist et al., 2000). b-gal staining in
R26R;Myf5-Cre embryos was observed starting at 8 somites (E8.0)
in the somatic mesoderm (Fig. 1K). At 12 somites (E8.5), wedetected b-gal staining adjacent to the pharyngeal arches
(Fig. 1L). By 20 somites (E9.0), this staining was restricted to the
core mesoderm in the pharyngeal arches (Fig. 1M). Transverse
sections through the arch of this embryo illustrated this restric-
tion to the core mesoderm, though staining was faint (Fig. 1O and
inset in Fig. 1O). By 25 somites (E9.5), the core mesoderm staining
in the pharyngeal arches was robust (Fig. 1N).
Foxa2mcm animals express a tamoxifen-inducible Cre cassette
from the Forkhead box A2 (Foxa2) locus in the early embryos
endoderm (Park et al., 2008). Following injection of pregnant
R26R;Foxa2mcm females with tamoxifen at a stage equivalent to
E6.5, embryos were collected between 8 and 25 somites (E8.0 to
E9.5). At 8 somites (E8.0), b-gal staining was observed in the
foregut endoderm (Fig. 1P). By 10 somites, this staining was more
intense (Fig. 1Q–S). b-gal staining was also detected in the ﬁrst
pharyngeal pouch endoderm (Fig. 1Q). By 20 somites (E9.0), this
endodermal pouch staining was very intense (Fig. 1R). Transverse
sections through the pharyngeal arch illustrated that expression
was conﬁned to the arch endoderm (Fig. 1T). Expression was
unchanged at 25 somites (E9.5; Fig. 1S).
Cre expression drives recombination of the conditional Edn1 locus
To ﬁrst conﬁrm that our Cre strains could delete our conditional
Edn1 allele, we crossed mice containing a conditional allele of the
Edn1 gene (Edn1ﬂ/ﬂ) with the different Cre strains described above.
Mandibular arches were collected from E9.0 embryos, with genomic
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primers that only detected the recombined Edn1 allele (Kisanuki
et al., 2001). While Ednra signaling is required as early as E8.5,
maximum sensitivity to loss of Ednra signaling occurs at E9.0 (Ruest
and Clouthier, 2009). In our recombination assay, primers ﬂanking
the deleted region of the allele were used for PCR; recombination of
the ﬂoxed allele resulted in the presence of a 300 bp band. This band
was observed in all Edn1ﬂ/ﬂ;Cre embryos, indicating that the Edn1
conditional allele was recombined by all four Cre strains (Fig. 2). This
recombination band was robust for all samples except that from the
mandibular arch of Edn1ﬂ/ﬂ;Foxa2mcm embryos. Since robust recom-
bination was observed in R26R;Foxa2mcm embryos (Fig. 1R and T)
and each reaction contained an identical amount of input DNA, the
low intensity of the recombined band in the Edn1ﬂ/ﬂ;
Foxa2mcm sample likely reﬂects the amount of endoderm that
existed in the excised mandibular arch.Fig. 2. Analysis of Cre-mediated recombination of the Edn1 gene in Edn1ﬂ/ﬂ;Cre
mice. Genomic DNA was extracted from E9.0 mouse embryo mandibular arches.
Lanes 2-5 show the 300-bp band for the recombined allele. Wild-type animals
show no band (lane 1).
Fig. 3. Analysis of early skeletal development in Edn1 conditional mutant embryos
blue to visualize cartilage. (A–D) Lateral view displaying hypoplastic Meckel’s carti
interruption of Meckel’s cartilage in the Edn1ﬂ/ﬂ;Foxg1-Cre embryo (arrow in B) and th
embryos (D) appear normal. (E–F) Lateral view of Edn1ﬂ/ﬂ (E) and Edn1ﬂ/ﬂ;Foxa2mcm (F)
in the mutant.Ectodermal loss of Edn1 leads to changes in craniofacial bone and
cartilage development
To determine how tissue-speciﬁc loss of Edn1 affected D–V
patterning, we began our analysis of Edn1 conditional mutants by
examining E13.5 or E14.5 conditional knockout embryos for
changes in cartilage development, since this is one of the earliest
structural changes observed in endothelin-family knockouts in
mice and ﬁsh (Clouthier et al., 1998; Miller et al., 2000). Deletion
of Edn1 in the pharyngeal arch ectoderm, pharyngeal pouch
endoderm and core paraxial mesoderm of E14.5 Edn1ﬂ/ﬂ;Foxg1-
Cre embryos resulted in hypoplasia of Meckel’s cartilage (Fig. 3B).
There was also a gap in Meckel’s cartilage at its proximal end
where it failed to articulate with the malleus (Fig. 3B). In addition,
the hyoid bone appeared more rostral in the pharynx of Edn1ﬂ/ﬂ;
Foxg1-Cre embryos (Fig. 3B), a ﬁnding observed in Ednra, Edn1 and
Ece1mutant embryos (Clouthier et al., 1998; Kurihara et al., 1994;
Yanagisawa et al., 1998b). However, the overall phenotype was
less severe than observed in Edn1 / mutants (Kurihara et al.,
1994). When Edn1 was only deleted in the pharyngeal arch
ectoderm of E14.5 Edn1ﬂ/ﬂ;Crect embryos, Meckel’s cartilage
appeared slightly shortened, though its articulation with the
malleus was normal (Fig. 3C). The hyoid bone positioning again
appeared more rostral, but not to the same extent as observed in
Edn1ﬂ/ﬂ;Foxg1-Cre embryos (Fig. 3B). In contrast, Meckel’s carti-
lage was unaffected in E14.5 Edn1ﬂ/ﬂ;Myf5-Cre embryos (Fig. 3D).
While we also attempted to examine changes in cartilage struc-
tures in E14.5 Edn1ﬂ/ﬂ;Foxa2mcm embryos, administration of
tamoxifen at E6.5 (shown to achieve optimal gene recombination
at E8.5 (Park et al., 2008)) resulted in embryo lethality by E14.5, a
general problem with tamoxifen administration before E8.5
(Hayashi and McMahon, 2002). However, we were able to collect
E13.5 Edn1ﬂ/ﬂ;Foxa2mcm embryos; in these embryos, the develop-
ment of Meckel’s cartilage appeared normal in comparison to
control embryos (Fig. 3E and F).. E14.5 (A–D) and E13.5 (E,F) control and mutant embryos stained with alcian
lage (mc) in Edn1ﬂ/ﬂ;Foxg1-Cre (B) and Edn1ﬂ/ﬂ;Crect (C) embryos. Note also the
e altered morphology in the Edn1ﬂ/ﬂ;Crect embryo (arrow in C). Edn1ﬂ/ﬂ;Myf5-Cre
embryos at E13.5, showing no apparent change in Meckel’s cartilage morphology
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development, we examined bone development in conditional
knockout embryos. In E18.5 Edn1ﬂ/ﬂ;Foxg1-Cre embryos, the lower
jaw was shortened and contained mystacial vibrissae on the
ectoderm (Fig. 4F and Supp. Fig. 1E). The presence of mystacial
vibrissae on the ectoderm is observed in Ednra, Edn1, Dlx5/Dlx6
and Hand2mutants (Barron et al., 2011; Depew et al., 2002; Ozeki
et al., 2004; Ruest et al., 2004). Skeleton preparations of these
embryos showed that the mandible was hypoplastic and mal-
formed (Fig. 4G and J), though still retained a mandibular shape,
suggesting that patterning of the distal arch mesenchyme was at
least partially correct. This is contrast to Edn1 / embryos, in
which the mandible undergoes a homeotic transformation into a
maxilla-like structure (Ozeki et al., 2004). However, duplicated
palatine (p*) and jugal (j*) bones were present in the lower jaw
(Fig. 4G and J), suggesting that D–V patterning of NCC-derived
mesenchyme was at least partially disrupted. In addition, tympa-
nic ring bones were absent (yellow asterisks in Fig. 4G–I), the
masseter muscle was dysmorphic (Supp. Fig. 1F) and an ectopic
bone extended from the gonial bones to the pterygoid bones
(Fig. 4I). This ectopic bone, while not present in Edn1 / embryos
(Ozeki et al., 2004), is observed in both Ednraﬂ/ﬂ;Wnt1-Cre
embryos (Abe et al., 2007) and Ednra /o-4þ/þ chimeric
embryos (Clouthier et al., 2003) as well as in embryos from
mothers treated for varying times with an Ednra antagonist
(Ruest and Clouthier, 2009).Fig. 4. Characterization of cranial features in Edn1ﬂ/ﬂ conditional knockout embryos at E
of Edn1ﬂ/ﬂ (A–E), Edn1ﬂ/ﬂ;Foxg1-Cre (F–J), Edn1ﬂ/ﬂ;Crect (K–O) and Edn1ﬂ/ﬂ;Myf5-Cre (P–T)
I, N, S) Ventral view with mandible removed. (E, J, O, T) Ventral aboral view of dissected
(F–J) Edn1ﬂ/ﬂ;Foxg1-Cre embryos have a recessed lower jaw (note angle of line between A
in G–I), an abnormal bone strut (st) extending from the middle ear region towards the b
and J) and palatine (pn) bones (J). (K–O). Edn1ﬂ/ﬂ;Crect embryos have a recessed mandib
Edn1ﬂ/ﬂ;Myf5-Cre embryo craniofacial structures are normal. ap, angular process; bo, bas
lo, lamina obturans; mx, maxilla; p, palatine.In E18.5 Edn1ﬂ/ﬂ;Crect embryos, the retrognathia observed (Fig. 4K)
was similar to that observed in Edn1ﬂ/ﬂ;Foxg1-Cre embryos (Fig. 4F),
and mystacial vibrissae were also present in both conditional knock-
out embryos (Supp. Fig. 1H). However, bone and cartilage staining of
Edn1ﬂ/ﬂ;Crect embryos revealed that the mandible bone was less
dysmorphoic (Fig. 4L, M, O) than that of Edn1ﬂ/ﬂ;Foxg1-Cre embryos
(Fig. 4G–I). Appearing only slightly shorter, the primary ﬁnding was
the presence of duplicated jugal bones (jn—Fig. 4L and O). All other
mandibular ﬁrst arch-derived bones were normal (Fig. 4L–O), though
a cleft secondary palate was observed in some mutant embryos
(Supp. Fig. 1H and I). In addition, the aberrant bone observed
Edn1ﬂ/ﬂ;Foxg1-Cre embryos (Fig. 4H and I) was not observed in
Edn1ﬂ/ﬂ;Crect embryos (Fig. 4N). In contrast, E18.5 Edn1ﬂ/ﬂ;Myf5-Cre
(Fig. 4P–T) embryos did not have any gross or skeletal changes in the
lower jaw. In addition, these homozygous mutant mice were viable
and fertile (data not shown). As described above, embryonic lethality
at E14.5 of all embryos following tamoxifen administration prevented
skeletal analysis of Edn1ﬂ/ﬂ;Foxa2mcm embryos.
Disruption of Edn1 in the ectoderm causes gene expression changes
To determine the molecular basis of these observed skeletal
changes, we examined the expression of speciﬁc genes previously
identiﬁed as being either induced or repressed downstream of
Ednra signaling and crucial for D–V patterning of the mandibular
arch. In E10.5 control embryos, Dlx2 expression was observed in18.5. Gross morphology and alizarin red (bone) and alcian blue (cartilage)-staining
embryos. (B, G, L, Q) Lateral view. (C, H, M, R) Ventral skull view with mandible. (D,
mandibles. (A–E) Normal craniofacial structures of an E18.5 control mouse embryo.
and F), deformed mandible (md) (G, H and J), absent tympanic rings (ty) (yellow n
asisphenoid (bs) (H–I), a palatal cleft (black n in I) and duplication of jugal (jn) (G, H
le (note angle of line between A and K) and duplicated jugal bones (L and O). (P–T)
isoccipital; cd, condylar process; cp, coronoid process; h, hyoid; i, incisors; j, jugal;
A.L.P. Tavares et al. / Developmental Biology 371 (2012) 47–5652the proximal mandibular arch mesenchyme and along the ecto-
derm overlying the distal mandibular arch (Fig. 5A). In E10.5
Edn1ﬂ/ﬂ;Foxg1-Cre embryos, Dlx2 expression was disrupted along
most of the distal ectoderm of the mandibular arch (Fig. 5F) similar
to that seen in Ednra mutants (Ruest et al., 2004). Unlike in Ednra
mutant embryos, mesenchymal expression was not upregulated
distally (Fig. 5F). Dlx3 expression was completely lost in the
mandibular arch mesenchyme and overlying ectoderm and
reduced in the second arch (Fig. 5G and data not shown), again
matching the pattern observed in Ednra mutant embryos (Ruest
et al., 2004). Dlx5 expression was also disrupted, but only in a band
spanning the central mandibular arch (compare Figs. 5C and H).
Hand2 expression appeared unchanged (Fig. 5I), as did the expres-
sion of Goosecoid (Fig. 5J), a gene whose arch expression requires
Hand2 (Barron et al., 2011); (Kimmel et al., 2003). Matching the
milder phenotype, only Dlx5 expression was disrupted in E10.5
Edn1ﬂ/ﬂ;Crect embryos (Fig. 5M). However, as observed for Edn1ﬂ/ﬂ;
Foxg1-Cre embryos, this disruption was only observed in a band
spanning the central mandibular arch. Expression of these markers
was not disrupted in E10.5 in Edn1ﬂ/ﬂ;Myf5-Cre (Fig. 5P–T) or
Edn1ﬂ/ﬂ;Foxa2mcm (Fig. 5U–Y) embryos.Fig. 5. Whole–mount in situ hybridization (ISH) analysis in E10.5 Edn1ﬂ/ﬂ conditional
(C, H, M, R, W), Hand2 (D, I, N, S, X) and Goosecoid (E, J, O, T, Y). The heart has been remo
Dlx3. (A–E) Expression in E10.5 control embryos. (F–J) In Edn1ﬂ/ﬂ;Foxg1-Cre embryos
pharyngeal arch (arrows in F). Dlx3 expression was almost completely lost in the ﬁrs
expression was disrupted, but only in a band across the central mandibular arch (aster
expression in Edn1ﬂ/ﬂ;Crect embryos was also disrupted (asterisks in M). Expression of
unaffected in Edn1ﬂ/ﬂ;Myf5-Cre (P–T) and Edn1ﬂ/ﬂ;Foxa2mcm (U–Y) embryos. 1, mandibuWhile the changes in the expression of both Dlx3 and Dlx5
were profound in Edn1ﬂ/ﬂ;Foxg1-Cre embryos, these changes could
result from either failure to initiate expression or failure to
maintain expression. To determine which of these was occurring,
we examined the expression of both genes in E9.5 Edn1ﬂ/ﬂ;
Foxg1-Cre embryos. When compared to control embryos
(Fig. 6A), Dlx3 expression in mutants was almost completely
absent, suggesting that its expression was never induced
(Fig. 6B). While Dlx5 expression was present, expression was conﬁned
to the distal half of the mandibular arch (Fig. 6D and F). Expression
was absent in the proximal half of the arch, suggesting that the
observed expression of Dlx5 in this region in E10.5 Edn1ﬂ/ﬂ;Foxg1-Cre
embryos is induced by a different signaling pathway.
Disruption of Dlx5 gene expression demarcates the intermediate
domain in the mouse mandibular arch
Our in situ hybridization results illustrate that Dlx5 expression
in both E10.5 Edn1ﬂ/ﬂ;Foxg1-Cre and Edn1ﬂ/ﬂ;Crect embryos is only
affected in a narrow band in the central arch (Fig. 5H, M, Fig. 7B, F
and Fig. 8B, F). Since this area corresponds spatially to theknockout embryos. Ventral view of embryos after ISH for Dlx2 (A, F, K, P, U), Dlx5
ved to aid in visualization. B, G, L, Q, V show a lateral view of embryos after ISH for
, Dlx2 expression was disrupted in the distal ectoderm of the mandibular ﬁrst
t pharyngeal arch and reduced in the second pharyngeal arch (arrow in G). Dlx5
isks in H). Hand2 (I) and Goosecoid (J) expression appeared unaffected. (K–O) Dlx5
other genes examined was unaffected. (P–Y) The expression of all ﬁve genes was
lar pharyngeal arch; 2, second pharyngeal arch.
Fig. 6. Whole-mount in situ hybridization (ISH) analysis in E9.5 Edn1ﬂ/ﬂ;Foxg1-Cre
embryos. Lateral (A–D) and ventral (E–F) views of embryos after ISH for Dlx3 and
Dlx5. (A–B) Dlx3 expression was almost completely absent in the ﬁrst arch of E9.5
Edn1ﬂ/ﬂ;Foxg1-Cre embryos (B). (C–F) Although Dlx5 expression was present in
Edn1ﬂ/ﬂ;Foxg1-Cre embryos, expression was conﬁned to the distal half of the
mandibular arch (D, F). 1, mandibular pharyngeal arch; 2, second pharyngeal arch.
Fig. 7. The Nkx3.2 and Dlx5 expression domains overlap in the mandibular arch and
demarcate the intermediate domain. Ventral view of E10.5 Edn1ﬂ/ﬂ;Foxg1-Cre
embryos after single (A–D; G–H) or double (E–F; I–J) ISH for Dlx3, Dlx5 and
Nkx3.2. (A–B) Dlx5 expression is disrupted in a strip of the mandibular arch
mesenchyme of mutant embryos (B). (C–D) Expression of the intermediate domain
marker Nkx3.2 is also disrupted in the mandibular arch mesenchyme of mutant
embryos (D). (E–F) Double ISH for Dlx5 (magenta) and Nkx3.2 (blue) shows that in
the mutant embryos, the residual Nkx3.2 mesenchyme expression (arrow in F) is
conﬁned to the domain in which Dlx5 is absent. (G–H) Dlx3 expression is absent in
the mandibular arch mesenchyme of mutant embryos. (I–J) Double ISH for Dlx3 and
Nkx3.2 shows that Nkx3.2 mesenchyme expression (blue) is contained within the
Dlx3 mesenchyme domain (magenta) in control embryos (I). This overlapping
expression is absent in E10.5 Edn1ﬂ/ﬂ;Foxg1-Cre embryos (J). 1, mandibular phar-
yngeal arch; 2, second pharyngeal arch.
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formed additional analysis to deﬁne the gene expression pattern
within this region, ﬁrst examining gene expression changes in
Edn1ﬂ/ﬂ;Foxg1-Cre embryos. Nkx3.2 (Bapx1) is the primary mole-
cular marker of the intermediate domain in zebraﬁsh (Miller
et al., 2003; Talbot et al., 2010) and a key molecule required for
zebraﬁsh jaw joint development (Miller et al., 2003). In E10.5
control embryos, Nkx3.2 expression was conﬁned to a caudal
region in the central mandibular arch mesenchyme in addition to
a small region along the rostral arch ectoderm (Fig. 7C). In E10.5
Edn1ﬂ/ﬂ;Foxg1-Cre embryos, expression in the caudal mesenchyme
was downregulated, though arch ectoderm expression was unaf-
fected. To conﬁrm that the Nkx3.2 expression domain correlated
with the domain in which Dlx5 expression was lost, we performed
double in situ hybridization analysis. In E10.5 control embryos,
Nkx3.2 mesenchyme expression was contained within the Dlx5
expression domain (Fig. 7E). In E10.5 Edn1ﬂ/ﬂ;Foxg1-Cre embryos,
the remaining ectodermal Nkx3.2 expression domain was cen-
tered in the domain in which Dlx5 was absent (Fig. 7F), strongly
suggesting that this Dlx5-free domain is the Nkx3.2 positive
intermediate domain.
Like Nkx3.2, Dlx3 is also a marker of the intermediate domain
of zebraﬁsh (Talbot et al., 2010). As described above, Dlx3
expression in control embryos is expressed in the proximo-
caudal mesenchyme of the mandibular arch and the distal arch
ectoderm (Fig. 5B and Fig. 7G), though the region was larger than
that of Nkx3.2 (Fig. 7C). In Edn1ﬂ/ﬂ;Foxg1-Cre embryos, the Dlx3
mesenchyme expression was almost completely absent (Fig. 5G
and Fig. 7H). To verify that Nkx3.2 and Dlx3 expression domains
overlapped in the mouse arch, we again preformed double in situ
hybridization analysis. In E10.5 control embryos, Nkx3.2
mesenchyme expression (blue) was indeed contained within the
Dlx3 mesenchyme domain (magenta) (Fig. 7I), though the normal
mandibular arch expression domain of Dlx3 was difﬁcult to observedue to the overlying Nkx3.2 expression (compare Fig. 7C, G, I).
In Edn1ﬂ/ﬂ;Foxg1-Cre embryos, the Dlx5 expression-free domain
corresponded to the region in which Nkx3.2 mesenchyme expres-
sion was absent and the expression of Dlx3 was severely down-
regulated (Fig. 7J).
This data suggests that an intermediate domain does exist in
the mouse mandibular arch and that Edn1/Ednra signaling is
required to establish and/or maintain gene expression in this
domain. To prove that this function is due to ectoderm-derived
Edn1, we repeated our in situ analysis in E10.5 Edn1ﬂ/ﬂ;Crect
embryos. As described above, Dlx5 expression in Edn1ﬂ/ﬂ;Crect
embryos was disrupted in a band across the middle portion of the
arch (Fig. 8B). This region corresponded to the Nkx3.2 mesenchymal
Fig. 8. Nkx3.2 expression is disrupted in the intermediate mandibular arch
domain of Edn1ﬂ/ﬂ;Crect embryos. Ventral view of E10.5 Edn1ﬂ/ﬂ;Crect embryos
after single (A–D) or double (E–F) ISH for Dlx5 and/or Nkx3.2. (A–B) Dlx5
expression is disrupted in a strip of the mandibular arch mesenchyme in Edn1ﬂ/ﬂ;
Crect embryos (B). (C–D) Mesenchymal expression of Nkx3.2 is disrupted in the
mandibular of Edn1ﬂ/ﬂ;Crect embryos, while epithelial expression (arrow) is
unaffected (D). (E–F) Double ISH for Dlx5 (magenta) and Nkx3.2 (blue) expression.
In control embryos, mesenchymal expression of both genes overlaps (E). In Edn1ﬂ/ﬂ;
Crect embryos, mesenchymal Nkx3.2 expression is largely absent from the domain in
which Dlx5 expression has been lost (F). 1, mandibular pharyngeal arch; 2, second
pharyngeal arch.
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which Nkx3.2 expression was lost in Edn1ﬂ/ﬂ;Crect embryos (Fig. 8D).
This ﬁnding was conﬁrmed in Edn1ﬂ/ﬂ;Crect embryos following double
in situ hybridization analysis of Nkx3.2/Dlx5 expression, in which
expression of Dlx5 and Nkx3.2were both lost in the same central arch
domain (Fig. 8F). These ﬁndings support the idea that the ectoderm is
the source of Edn1 critical for establishing/deﬁning the intermediate
domain of the mandibular arch.Discussion
Edn1 is a crucial signaling factor that establishes the D–V
patterning of the pharyngeal arches. Here we have demonstrated
using conditional gene inactivation that the ectoderm appears to
be the required source of Edn1 during mandibular arch patterning
and that this requirement appears most important in the inter-
mediate arch domain.
Ectoderm is a required source of Edn1 during patterning of the
mandibular ﬁrst pharyngeal arch
Using Cre/loxP technology, we have taken advantage of mouse
genetics to illustrate that the cranial ectoderm is a critical source
of Edn1 during facial morphogenesis in mammals. All Cre strains
used in this work were able to recombine the R26R allele by
E8.5/E9.0, the time period during which Ednra signaling is
required for D–V patterning of the mouse pharyngeal arches
(Ruest and Clouthier, 2009). We also showed that the conditional
Edn1 allele is recombined by E9.0 using all four Cre strains.While not quantitative, the recombination band observed in
Edn1ﬂ/ﬂ;Foxa2mcm embryos was by far the weakest. While it is
possible that this Cre strain produces a poor recombination
efﬁciency of ﬂoxed alleles, we note that Foxa2mcm-mediated
recombination of the R26R allele appears robust (Fig. 1P–T and
(Park et al., 2008)). More likely, the limited recombination seen
using PCR reﬂects the amount of endoderm contained within the
mandibular arch sample used for our assay. Further, because the
preproendothelin-1 mRNA has a short intracellular half-life of
around 15 min (Inoue et al., 1989), we do not believe that mRNA
present before gene recombination could signiﬁcantly contribute
to Ednra signaling after Cre-mediated recombination.
In both Edn1ﬂ/ﬂ;Foxg1-Cre and Edn1ﬂ/ﬂ;Crect embryos, defects in
lower jaw structures were present including the presence of
duplicated maxillary structures. This was accompanied by a
partial loss of Dlx5 and Nkx3.2 in both strains and a loss of Dlx3
in Edn1ﬂ/ﬂ;Foxg1-Cre embryos. Together, our results illustrate that
Edn1 from the ectoderm is likely the most crucial source of Edn1
during D–V patterning of the pharyngeal arches. However, a
complete loss of mandibular identity as seen in Edn1, Ednra or
Dlx5/Dlx6 knockout mice (Beverdam et al., 2002; Depew et al.,
2002; Ozeki et al., 2004; Ruest et al., 2004) was not observed even
when Edn1 was inactivated in the ectoderm, endoderm and core
mesoderm using the Foxg1-Cre strain. One explanation for this
partial phenotype is the timing of recombination. The jaw
phenotype and related gene expression changes observed in
Edn1ﬂ/ﬂ;Foxg1-Cre embryos resemble that of embryos following
Ednra antagonism between E8.5 and E9.0 (Ruest and Clouthier,
2009). In this case, normal D–V patterning of the arches would be
initiated but then lost, with differential effects observed in the
distal and intermediate domains (see below). Another possibility
is that the Foxg1-Cre strain did not elicit complete Edn1 inactiva-
tion throughout the entire tissue. If conditional gene inactivation
was incomplete spatially and/or temporally, residual Edn1 could
limit the extent of a jaw phenotype. We also cannot rule out the
possibility that endoderm-speciﬁc loss of Edn1 could later lead to
changes in bone development within the head, as while Edn1ﬂ/ﬂ;
Foxa2mcm embryos did not show changes in gene expression, we
could not generate E18.5 embryos for analysis of bone and
cartilage structures. Likewise, we cannot rule out the possibility
that Edn1 from all three arch tissues (ectoderm, mesoderm and
endoderm) works in concert to pattern the arches. This could
explain the less severe phenotype of Edn1ﬂ/ﬂ;Crect embryos.
However, together with the lack of gene expression changes
observed in Edn1ﬂ/ﬂ;Myf5-Cre and Edn1ﬂ/ﬂ;Foxa2mcm embryos
and the short half live of Edn1 mRNA (Inoue et al., 1989), our
data suggest that, as in zebraﬁsh (Miller et al., 2000; Miller et al.,
2003; Nair et al., 2007), the Edn1 produced by these layers is not
crucial for patterning of the ﬁrst mandibular arch. This argument
is strengthened by recent ﬁndings illustrating that while the
endoderm is required to achieve normal size and shape of jaw
cartilages, it is not required for earlier D–V patterning of the NCC-
derived mesenchyme (Balczerski et al., 2012).
Identiﬁcation of the mouse intermediate domain of the mandibular
pharyngeal arch
The most intriguing change observed when Edn1 was inacti-
vated in the ectoderm was loss of Dlx5 expression in a rostrocau-
dal stripe across the middle of the mandibular arch. We further
showed that this domain can be deﬁned by the expression of
both Dlx3 and Nkx3.2, downstream mediators of Ednra signaling.
This location and expression proﬁle matches the intermediate
domain in zebraﬁsh, which plays a crucial role in establishing the
zebraﬁsh jaw joint. Loss of zebraﬁsh Edn1 leads to downregula-
tion of nkx3.2 and subsequent fusion of Meckel’s cartilage and the
A.L.P. Tavares et al. / Developmental Biology 371 (2012) 47–56 55palatoquadrate (Miller et al., 2003). In contrast, loss of Hand2 in
both mouse and zebraﬁsh embryos leads to expansion of the
Nkx3.2/nkx3.2 domain (Miller et al., 2003 and Tavares and
Clouthier, unpublished). While Nkx3.2 and Dlx3 are expressed in
the central mandibular arch of the mouse, it has been difﬁcult to
truly demarcate this domain and understand its functional
signiﬁcance. Here we have shown that the gene expression
domains of both Nkx3.2 and Dlx3 in the mandibular arch corre-
sponds to the central arch domain in which Dlx5 expression is
lost, thus marking this affected region as at least a portion of the
mammalian intermediate arch domain. Fate mapping of this
domain in zebraﬁsh has shown that it gives rise to the dorsal
aspects of ventral cartilages and the ventral aspects of dorsal
cartilages (Talbot et al., 2010), hence its roll in joint development.
There are obvious differences between the jaw joints of ﬁsh and
mammals. In zebraﬁsh, Nkx3.2 is required for the proper formation of
the jaw joint between Meckel’s cartilage and the palatoquadrate
(Miller et al., 2003). In the mouse, this joint appears to correlate with
the articulation between the malleus and the incus (Tucker et al.,
2004). While this articulation is not disrupted in mouse Nkx3.2 /
embryos, potentially due to evolutionary changes in Gdf5/Gdf6
expression, two genes involved in joint formation, other middle ear
structures are abnormal or missing (Tucker et al., 2004). This suggests
that Nkx3.2 (and by extension, Dlx3) do indeed mark the intermediate
domain of the mammalian mandibular arch. Interestingly, the one
common change in the skulls of Edn1ﬂ/ﬂ;Foxg1-Cre and Edn1ﬂ/ﬂ;Crect
embryos is a duplication of the jugal bone that occurs concomitant
with the loss of malleus and incus, a ﬁnding observed in endothelin
mouse mutants (Ozeki et al., 2004; Ruest et al., 2004). In control
embryos, the malleus and incus articulate through a ﬁbrous joint.
Likewise, in mutant embryos, the duplicated jugal bone articulates
with the actual jugal bone of the zygomatic arch through a ﬁbrous
joint. Thus, while a change in identity of intermediate domain NCCs
has occurred in endothelin mutant embryos, the functional outcome
(a joint) is unchanged. This suggests that patterning cues in the arch
may occur or be conﬁned by a functional registry that has not been
fully appreciated.
The identity of the signals that drives jugal formation in the
maxillary prominence is unknown. That a jugal bone forms in the
mandibular arch mesenchyme of endothelin mutants could result
from the action of mandibular arch signals that normally work
with Ednra signaling to drive a different developmental fate.
Alternatively, loss of Ednra signaling could result in the inap-
propriate upregulation of maxillary signals normally involved in
jugal determination. The expression of multiple genes is upregu-
lated in mandibular arch in the absence of Ednra signaling,
including Dlx2 (Ruest et al., 2004). Interestingly, targeted deletion
of Dlx2 leads to disruption of jugal formation (Qiu et al., 1997; Qiu
et al., 1995). While we did not observe any gross changes in Dlx2
expression, it is possible that mild changes in the Dlx2 expression
boundary sufﬁcient to change the local fate of the mandibular
mesenchyme could exist. Further molecular dissection of this
region will be required to address these questions.
Sensitivity of the intermediate domain to loss of Ednra signaling
One question that remains from this and previous studies
examining variable loss of Ednra signaling in mouse and zebraﬁsh
is why this intermediate domain is so sensitive to the level of
Edn1. Our gene expression analysis of Edn1ﬂ/ﬂ;Foxg1-Cre embryos
illustrates that while distal expression of Dlx5 is present at E9.5,
normal proximal/intermediate expression is absent. However, by
E10.5, the proximal expression of Dlx5 has recovered while the
intermediate expression is still absent. In addition, we have
previously shown that following short-term pharmacological
antagonism of Ednra signaling in mouse embryos, gene expressionin this domain is the ﬁrst and longest affected (Ruest and
Clouthier, 2009). Taken together, the most likely explanations is
that Edn1 initiates patterning in both the distal and intermediate
domains, but recombination via the Cre strains we have used
occurs after Edn1/Ednra signaling has initiated patterning cas-
cades in the distal arch. In this case, we would expect that if Edn1
were inactivated earlier in arch morphogenesis (E8.0-E8.25), we
would more closely recapitulate the Edn1/Ednra/Ece1 mutant
phenotype (reviewed in (Clouthier et al., 2010). Further, our
ﬁndings suggest that alternative mechanisms can compensate
for loss of Ednra signaling to induce Dlx5 expression in the
proximal arch. Together, these ﬁndings illustrate that the uniform
Dlx5 expression pattern that exists in the mandibular arch of wild
type embryos masks a far more complex and overlapping set of
control mechanisms. Future advances in Cre transgenic mouse
strains that activate earlier or target speciﬁc arch sub-domains
should make these hypotheses testable.
The hypothesis presented above requires the action of one or
more additional factors to maintain Edn1-induced signaling path-
ways within the distal mandibular arch following loss of Edn1. Our
results clearly show that such a molecule would have to be distal-
speciﬁc, since intermediate gene expression is neither initiated nor
maintained. One candidate for this molecule could be a Bmp, as Bmp
signaling in zebraﬁsh appears to pattern the distal arch by inducing
edn1 expression and later maintaining Edn1-induced expression of
hand2 (Alexander et al., 2011). In addition, overexpression of Bmp4 in
mice leads to upregulation of Hand2 expression independent of Dlx5/
Dlx6 (Bonilla-Claudio et al., 2012). However, if a BMP-dependent
pathway is involved in the mouse model, then Bmp2 and/or Bmp7
would be the most likely candidates, as ectodermal Bmp4 expression
is lost in Ednra / mutants (Ruest et al., 2004). Another factor that
works in concert with Ednra signaling to induce Dlx5/Dlx6 expression
during mandibular arch development is Mef2c (Arnold et al., 2007;
Miller et al., 2007). However,mef2camutant zebraﬁsh embryos have
jaw joint defects, suggesting that its function is not restricted to the
distal/ventral arch (Miller et al., 2007). Closer examination of other
distal/ventral ectodermal signals and their relationship with Ednra
signaling may shed additional light on this question.
While less likely, another possibility is that the increased sensi-
tivity of the intermediate domain to loss of Ednra signaling is due to
differential competence of NCC populations within the arch to
respond to Edn1. Whether this actually occurs is not clear, as Ednra
signaling in the mouse is required in a cell autonomous manner in
both distal and intermediate domain derivatives (Clouthier et al.,
2003). However, extrapolation of ﬁndings from NCC fate mapping in
the chick suggest that the mouse mandible (a distal arch derivative
(Ruest et al., 2003)) is composed almost solely of posterior midbrain-
derived NCCs, while more proximal structures, including the tympa-
nic ring and gonial bones, also contain NCCs from rhombomeres
1 and 2 (Kontges and Lumsden, 1996). It is plausible that while
midbrain versus r1/r2 NCC populations could be equally dependent
on Ednra signaling, r1/r2 cells would be less competent to respond to
the signal that rescues gene expression in the distal (midbrain-
derived) arch in endothelin mutants. It is also possible that both
populations are equally competent to respond to additional signals,
but mechanisms exist to limit expression of the compensating factor
to the distal domain. Detailed analysis of Ednra signaling in these
speciﬁc NCC populations will be required to answer these questions.Acknowledgments
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